Abstract: Atom probe field ion microscopy and transmission electron microscopy have been used to characterise the phases present, and their compositions, in four model Ni-A1 superalloys containing Be. In agreement with the limited information available on phase stability within the ternary Ni-Al-Be system, atom probe results indicated that these alloys were in the three phase, y-Ni, ./-Ni,Al and 0-NiBe, region of the ternary diagram. Beryllium was found to substitute on the 'AI' sites within the ./, consistent with previous results from Be-doped NiAI. The experimental results have shown that the Be additions have resulted in the precipitation of phases enriched in Be within the ./ phase. The morphology of the phases enriched in Be ranged from monatomically thick plates to lenticular precipitates. Hardness measurements indicate significant hardening resulting from the addition of Be to model Ni-AI alloys.
INTRODUCTION
Nickel-based superalloys primarily consist of a face centred cubic Ni, y, matrix that contains a high density of Llz-ordered Ni3AI precipitates, ?/, with a small lattice mismatch between the two phases. At high temperatures the strength of the alloy depends primarily on the strength of the ?/ phase [l] . The high temperature strength of these alloys begins to fall off above approximately 750°C and therefore this limits the maximum operating temperature of the alloy.
In this work, the possibility of strengthening the ?/ phase by solid-state precipitation within the ?/ has been ~nvestigated in model Ni-A1 superalloys containing Be. Beryllium is also expected to be a potent solid solution strengthener and has the additional advantage that it is a relatively light element.
The role of Be has been previously investigated in both NiAl [2] and Ni3Al [3] . In NiAl doped with 0.24 at.% Be, the Be was found to remain in solid solution in the matrix substituting on the A1 sites. In Ni3A1 doped with up to 5 at.% Be, significant improvements in both room temperature yield strength and ductility were observed. This study revealed that there was a rapid increase in the yield strength in the alloys containing up to 2 at.% Be and there was a smaller increase in the higher Be alloys in which precipitates were observed.
The binary Ni-AI phase diagram indicates that alloys containing 20% AI consist of approximately 70% 1/ in a y matrix. In alloys containing up to 50% Be, the binary Ni-Be [4] system is a simple eutectic between y-Ni and the B2-ordered NiBe, P, phase, with the eutectic occurring at 1 150°C and the solubility of Be in Ni at this temperature is approximately 15 at.%. The mechanical properties of nickel beryllide, NiBe, have been studied per se [S] because of interest in its good high temperature performance. It has been found to have some ductility at room temperature, and is readily deformable at high temperatures. Limited information is available on phase stability within the ternary Ni-AI-Be system [6] ; however, alloys containing approximately 20 at.% A1 and up to 12 at.% Be are likely to be in a three phase, y-Ni, 1/-Ni3A1 and P-NiBe, region of the ternary phase diagram. Movement of the liquidus projection with increasing levels of Be suggests that primary ?/ will be found in the higher Be containing alloys, whereas only primary y will be found in the lowest Be containing alloy.
EXPERIMENTAL DETAILS
Four Ni-Al-Be alloys were manufactured from Ni-6 wt.% Be and A1-15 wt.% Ni master alloys by vacuum induction melting in a graphite crucible, the chamber being evacuated to -70 Pa and subsequently Specimens of size 10x10~40 mm cut from the ingots were sealed in silica tubes under a partial pressure of argon (2x10~ Pa) and were homogenized at 1 1 0 0°~ for 8 h. The samples were then water quenched and sealed in silica tubes a second time prior to heat treatments at 500 and 800°C for 1 h respectively. The specimens were subsequently water quenched. Samples for optical microscopy were etched using Kalling's reagent (5 g of copper chloride in 100 m1 hydrochloric acid and 100 m1 methanol). Thin foil specimens for examination in a JEOL 100 kV transmission electron microscope (TEM) were prepared by punching 3 mm discs from wafers cut from the larger bars, mechanically grinding by hand to a thickness of 50 pm and twin-jet electropolishing to electron transparency at 20 V, with the solution being cooled to -15OC with liquid nitrogen. The polishing solution used was a mixture of 10% perchloric acid, 20% glycerol and 70% ethanol. After electropolishing, foils of two of the alloys were additionally ion-beam thinned using a current of 5 pA at 7 kV for 0.5 h to overcome problems with preferential polishing.
Blanks were cut from the heat treated specimens of size 0 . 5~0 . 5~2 0 mm. Needles for examination in the atom probe were then prepared using a two stage electropolishing technique. Specimens were resharpened by back-polishing. Atom probe analyses were performed using the Oak Ridge National Laboratory's energy-compensated atom probe [7, 8] . Analyses were performed at 50 K and a voltage pulse fraction of 20%. Since the mass-to-charge ratio for both Be+ and ~1~' ions is 9 U, peak overlap occurs. Careful examination of data for Fe-25 at.% Be [9] and Ni3Al alloys taken under comparable experimental conditions showed that there was only 0.1% of Be+ and 0.5-1% of ~1~' ions. Therefore, the peak at a mass-to-charge ratio of 9 U was assigned to the more common ~1~'ions.
RESULTS AND DISCUSSION
Optical micrographs for alloys 1 and 4 heat treated at 1 100°C 8 h + 500°C 1 h are presented in Fig. 1 . The difference in ?/ morphology is clearly visible. Alloy l has the appearance of a 'conventional' Ni-based superalloy, showing cuboidal 'f precipitates in a y matrix, whereas alloy 4 shows primary 'f with a fly eutectic intergrowth in between the 'f plates.
Vickers hardness measurements are presented in Table 2 . A significant hardening effect resulting from the addition of Be is evident. The effect is more noticeable after the higher 800°C heat treatment and is a consequence of enhanced reaction kinetics at the higher temperature. Atom probe analyses showed that the Be in solid solution was almost exclusively found on A1 sites within the f precipitates. This is illustrated in Fig. 2 in which the composition of successive { 100)
planes is plotted for alloy 3 after heat treatment at 1 100°C 8 h + 800°C 1 h. The level of Be in solid solution in f was found to be 1.8 + 0.1 at.%, consistent with the solubility of Be in f. Atom probe analyses of alloy 1 heat treated at both 800 and 500°C showed the microstructure to consist primarily of the y and ?/ phases. Typical compositions of the y and f phases were 86.9 + 0.5 at.% Ni -11.7 + 0.5% A1 -1.4 + 0.2% Be and 76.5 r 0.4% Ni -22.7 + 0.4% AI -0.8 + 0.1% Be, respectively.
The Be partitioned into the y matrix. These data represent the mean of several analyses totalling over 100,000 ions. Atom probe analyses from alloy 2 tempered at 500°C for 1 h indicated a very similar microstructure to that of alloy 1, with the composition of the f increasing in Be to 76.0 & 0.5 at.% Ni -22.2 + 0.5% AI -1.8 + 0.3% Be as expected due to the increased Be in the bulk alloy. However, specimens of alloys 2 and 3 tempered at 800°C for 1 h were found to contain large numbers of ultrathin brightly-imaging regions within the f phase, as illustrated in Fig. 3 . The same features, although thinner and lower in number density, were also found in alloy 3 tempered at 500°C for 1 h. Similar brightly imaging regions have previously been observed in the y matrix of a binary Ni-12 at.% Be alloy [IO] . No segregation of Be to ylf boundaries was observed.
Bright field and dark field transmission electron micrographs and the corresponding selected area electron diffraction pattern from a specimen of alloy 2 tempered at 800°C for 1 h are presented in Fig. 4 . The diffraction pattern, with a [l001 zone axis, shows streaking parallel to the 200 planes. The dark field micrograph is taken with the aperture over one of the streaks, indicating that it is indeed associated with the linear features which are giving rise to the contrast. Using two beam conditions in the electron microscope, one orieGation of linear features are visible with g=002 beam, the other with g=220 and both orientations with g=l l l beam indicating that the features are on { 100) planes in the ./ phase. The brightly-imaging plates in the field ion images were generally found to be coherent with the f matrix as shown in Fig. 5(a) . In this micrograph, a single brightly-imaging (100) atomic terrace is evident in f phase. There is no disruption of the surrounding ordered Ni and mixed Ni/Al planes. Accurate composition determination of the thin brightly-imaging platelets was difficult because of their size relative to the probe aperture [l l] , however all traverses across such features showed them to be enriched in Be, with concentrations ranging from 10-35 at.% Be with virtually no Al. Much more extensive precipitation was observed in alloy 4 tempered at both 500 and 800°C. In addition to the ultrathin features enriched in Be seen in the lower Be alloys, much thicker, lenticular, precipitates were observed in alloy 4, as shown in Fig. 6 . The composition of these precipitates could be accurately determined by careful selection of the effective size of the probe aperture [ l l] and was found to be Ni -47.8 + 0.6 at.% Be, 0.05 + 0.03% Al. Virtually no AI was found in the precipitates indicating that the precipitate is the NiBe phase. Selected area electron diffraction confirmed that the larger precipitates in alloy 4 were NiBe, with a BZordered structure, Fig. 7 . It was noted that such precipitates did not have as striking an orientation relationship with the f matrix as the thinner phase enriched in Beit is likely that the thicker NiBe precipitates are inclined at an angle of a few degrees to {lOO)y. The phase enriched in Be, which is only a few atomic layers thick and has a composition close to NisBe, is completely coherent with the f, analogous to G.P. zones. With increasing Be concentrations and time at temperature, thicker NiBe precipitates are able to form. The lattice parameter of NiBe is 2.61 P\ [12] , compared with 3.56 P\ for the ./ phase. Therefore, lattice matching is possible with <loo> f 11 <l 10> NiBe. 
CONCLUSIONS
Beryllium additions were found to increase the hardness of the 1/ phase as a result of both precipitation and solid solution strengthening. The morphology of phases enriched in Be ranged from monatomically thick plates to lenticular precipitates. The effect of prolonged ageing on the precipitation kinetics of phases enriched in Be within the microstructure is the subject of ongoing investigations.
